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TMC435 is a small-molecule inhibitor of the NS3/4A serine protease of hepatitis C virus (HCV) currently in
phase 2 development. The in vitro resistance profile of TMC435 was characterized by selection experiments with
HCV genotype 1 replicon cells and the genotype 2a JFH-1 system. In 80% (86/109) of the sequences from
genotype 1 replicon cells analyzed, a mutation at NS3 residue D168 was observed, with changes to V or A being
the most frequent. Mutations at NS3 positions 43, 80, 155, and 156, alone or in combination, were also
identified. A transient replicon assay confirmed the relevance of these positions for TMC435 inhibitory activity.
The change in the 50% effective concentrations (EC50s) observed for replicons with mutations at position 168
ranged from <10-fold for those with the D168G or D168N mutation to �2,000-fold for those with the D168V
or D168I mutation, compared to the EC50 for the wild type. Of the positions identified, mutations at residue
Q80 had the least impact on the activity of TMC435 (<10-fold change in EC50s), while greater effects were
observed for some replicons with mutations at positions 43, 155, and 156. TMC435 remained active against
replicons with the specific mutations observed after in vitro or in vivo exposure to telaprevir or boceprevir,
including most replicons with changes at positions 36, 54, and 170 (<3-fold change in EC50s). Replicons
carrying mutations affecting the activity of TMC435 remained fully susceptible to alpha interferon and NS5A
and NS5B inhibitors. Finally, combinations of TMC435 with alpha interferon and NS5B polymerase inhibitors
prevented the formation of drug-resistant replicon colonies.

Hepatitis C is a blood-borne infection that can ultimately
result in severe liver diseases, including fibrosis, cirrhosis, and
hepatocellular carcinoma (7). The chronic nature of the dis-
ease and the significant possibility of long-term liver damage
have led to the current global health burden, with an estimated
180 million people being infected, of whom 130 million are
chronic hepatitis C virus (HCV) carriers (54).

The current standard-of-care therapy for HCV-infected pa-
tients consists of a combination of weekly injected pegylated
alpha interferon (Peg-IFN-�) and twice-daily oral ribavirin.
Treatment of HCV genotype 1-infected patients with this reg-
imen for 48 weeks has a limited success rate (a 40 to 50%
sustained virological response [SVR]) and is associated with a
wide range of side effects, including flu-like symptoms, anemia,
and depression, leading to treatment discontinuation in a sig-
nificant proportion of patients (31, 48). Therefore, specifically
targeted antiviral therapies for hepatitis C (STAT-C) have
been a major focus of drug discovery efforts. Treatments with
several NS3/4A protease inhibitors and NS5A and NS5B poly-
merase inhibitors, alone or in combination with Peg-IFN-�–

ribavirin, have recently shown encouraging results in clinical
trials (17, 36).

HCV NS3 is an essential, bifunctional, multidomain protein
that possesses protease and RNA helicase activities. NS3/4A,
the viral enzyme target of TMC435, is a serine protease with a
trypsin-like fold that comprises the 181-residue N-terminal
protease domain of NS3 and the 54-residue NS4A cofactor.
The association of the NS4A cofactor with the NS3 protease
domain is required for enzymatic function, stability, and an-
choring to the endoplasmic reticulum. The NS3/4A protease is
responsible for cleavage of the HCV polyprotein at the junc-
tions between NS3/NS4A, NS4A/NS4B, NS4B/NS5A, and
NS5A/NS5B (reviewed by Penin et al. [37]).

Several peptidomimetic inhibitors of the NS3/4A protease
are currently undergoing clinical evaluation. Two of these,
telaprevir (VX-950) and boceprevir (SCH503034), possess a
ketoamide moiety that reacts with the catalytic serine nucleo-
phile to form a reversible covalent enzyme-inhibitor adduct
(20, 28, 38, 52). In contrast, BILN2061, ITMN-191 (R7227),
MK7009, and TMC435 are reversible noncovalent inhibitors of
NS3/4A, and they all share the feature of a peptidomimetic
macrocycle comprised of both backbone and side chain atoms
(18, 23, 24, 31, 41, 46). The structures of various NS3/4A
inhibitor complexes show that these inhibitors bind in a similar
region of the enzyme active site.

The results from phase 2b clinical studies with the HCV
NS3/4A inhibitors telaprevir and boceprevir have demon-
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strated significant improvements in cure rates (SVRs) in both
treatment-naïve and treatment-experienced genotype 1-in-
fected patients, showing that use of these inhibitors has the
potential to shorten the treatment duration to 24 weeks in
treatment-naïve patients (11, 16, 29, 34).

TMC435 is a competitive macrocyclic inhibitor of the HCV
NS3/4A protease currently in clinical development by Tibotec
(41). It has Ki values of 0.4 nM and 0.5 nM against genotype 1a
and 1b enzymes, respectively, and a half-maximal (50%) effec-
tive concentration (EC50) of 8 nM in a genotype 1b replicon
cell line with a luciferase readout (21). TMC435 also displayed
potent inhibition of most NS3/4A proteases derived from ge-
notypes 2 to 6, with the half-maximal (50%) inhibitory concen-
tration (IC50) values being below 13 nM for all HCV NS3/4A
enzymes tested, with the exception of a genotype 3 protease
(37 nM). In vitro replicon studies have shown that the use of
TMC435 with IFN-� and an HCV NS5B polymerase inhibitor
results in synergistic activity and that the use of TMC435 with
ribavirin results in additive activity (21). In clinical studies, a
once-a-day dosing schedule of TMC435 has shown potent an-
tiviral activity in genotype 1-infected treatment-naïve and
treatment-experienced patients when it is used alone and in
combination with Peg-IFN-�/ribavirin (30, 32, 42).

The importance of viral resistance on the outcome of HCV
therapy in the era of direct-acting antivirals remains to be
elucidated. Extensive work has identified a number of muta-
tions associated with in vitro and in vivo exposure to HCV
NS3/4A inhibitors (13). The identified positions cluster around
the active site of the protease, consistent with the idea that
changes at inhibitor binding sites will affect the inhibitory ac-
tivity.

Here we describe the first characterization of the in vitro
resistance profile of our HCV NS3/4A protease inhibitor,
TMC435.

MATERIALS AND METHODS

Compounds. The investigational HCV NS5B nucleoside inhibitor (NI) NM-
107 was purchased from Toronto Research Chemicals (North York, Ontario,
Canada). The HCV NS5B nonnucleoside inhibitors (NNIs) HCV-796 (3),
Merck-indole (compound 55 described by Harper et al. [9]), thiophene-2 (com-
pound 16 described by Chan et al. [4]), and GSK-625433 (8) were synthesized
in-house, as described below.

The HCV NS3 protease inhibitor (PI) TMC435 (referred to as TMC435350 by
Raboisson et al. [41]) was synthesized as described previously (41). The PIs
boceprevir, ITMN-191, and BILN2061 were obtained from Spectrum Info (Kiev,
Ukraine), Medivir (Huddinge, Sweden), and Acme Bioscience (Palo Alto, CA),
respectively.

Human recombinant IFN-� was purchased from Calbiochem (La Jolla, CA).
Ribavirin was purchased from Sigma Aldrich (St. Louis, MO).

Cells. Huh7-Luc cells contain the genotype 1b (con1-based) bicistronic sub-
genomic replicon (clone ET), which encodes a firefly luciferase reporter with cell
culture-adaptive mutations E1202G, T1280I, and K1846T in NS3 and NS4B.
These cells were kindly provided by R. Bartenschlager (adapted from Lohmann
et al. [25, 26]). Huh7-con1b cells (i.e., a genotype 1b [con1-based] subgenomic
replicon clone with cell culture-adaptive mutation S2204I in NS5A) and Huh7-
SG1a H77 cells (i.e., a genotype 1a [H77-based] subgenomic replicon clone with
cell culture-adaptive mutations P1496L and S2204I in NS3 and NS5A) were
obtained from Apath LLC (Brooklyn, NY) (1, 2).

Replicon cells were maintained in Dulbecco modified Eagle medium (DMEM;
Sigma D-5546 medium supplemented with 10% fetal calf serum, 1% L-glu-
tamine, 0.04% gentamicin [50 mg/ml]) containing 500 to 750 �g/ml G418. Hu-
man hepatoma Huh7-lunet cells (obtained from R. Bartenschlager) and Huh7.5
cells (Apath LLC) were maintained in DMEM.

In vitro selection experiments. Replicon cells (Huh7-Luc, Huh7-con1b, or
Huh7-SG1a cells) were seeded in 10-cm dishes (3 � 105 to 4 � 105 cells)
containing DMEM supplemented with 750 �g/ml G418. Next, TMC435 was
added at the appropriate concentration and the plates were incubated at 37°C in
a humidified 5% CO2 atmosphere until the cells reached 70% confluence. The
cells were then split at a ratio of 1:2 to 1:5 and seeded in fresh medium containing
constant or increasing concentrations (steps of �10� EC50) of TMC435. After
2 to 3 weeks, significant cell death occurred (typically at a TMC435 concentration
of �40� EC50). The surviving cell colonies were individually picked, and the
replicon RNA was sequenced. For some experiments, the remaining cell colonies
were removed from the cell culture dish and pooled and the replicon RNA was
sequenced. The RNA of the cells was extracted with an RNeasy minikit (Qiagen,
Hilden, Germany). The NS3/4A region of the HCV genome was amplified by
reverse transcription-PCR (RT-PCR), and the population sequence was deter-
mined to identify the acquired mutations. Cells incubated in the absence of
compound or incubated in the presence of NS5B inhibitors were analyzed in
parallel and were used to determine the level of variation in NS3 in the absence
of an NS3/4A protease inhibitor.

In vitro selection in HCV genotype 2 JFH-1 model. The DNA of the JHF-1
wild type (JFH-1wt), which does not contain the reporter gene, and Jc-1-Luc,
which contains the Renilla luciferase reporter gene (22, 39, 53), both of which
encompassed the complete or part of the HCV genotype 2a JFH-1 genome, were
prepared by using the GeneWriter synthetic gene assembly technology (Cento-
cor, San Diego, CA). Two fragments were synthesized separately and cloned
together into the pUC19 vector for further use.

Ten micrograms of pUC19 plasmid DNA containing the JFH-1wt- or Jc-1-
Luc-coding sequence was linearized, and the DNA was transcribed into RNA in
vitro by using a T7 MEGAscript high-yield transcription kit (Ambion, Foster
City, CA), according to the manufacturer’s protocol. The RNA was purified by
phenol-chloroform extraction and isopropanol precipitation and was quantified
spectrophotometrically with a Nanodrop instrument (Thermo Scientific, Wal-
tham, MA).

For in vitro selection, Huh7.5 cells were washed with phosphate-buffered saline
and resuspended at 107 cells per ml in Cytomix (120 mM KCl, 0.15 mM CaCl2,
10 mM K2HPO4/KH2PO4 [pH 7.6], 25 mM HEPES, 2 mM EGTA, 5 mM MgCl2)
containing 2 mM ATP and 5 mM glutathione. Of this cell suspension, 400 �l was
transferred to an electroporation cuvette (gap width, 0.4 cm; Bio-Rad, Hercules,
CA) containing 10 �g JFH-1wt or Jc-1-Luc RNA. The cuvette was placed in the
electroporation chamber (Gene-pulser; Bio-Rad) and pulsed once (settings, 960
�F; 270 V; expected time constant, �20 ms). After transfection, the cells were
transferred to DMEM supplemented with 10% fetal calf serum (FCS), 1%
L-glutamine, and 0.04% gentamicin; and 500,000 cells were seeded in a 10-cm2

dish. After 3 days, the cells were washed and cultured in the presence of TMC435
or vehicle for multiple passages. When a cytopathic effect (CPE) occurred, the
cells were not split and the cells were refreshed medium with compound or
vehicle until complete recovery of the cells. The RNA was extracted and ana-
lyzed by a TaqMan real-time RT-PCR at every cell passage. Relative JFH-1
RNA levels were calculated by normalization to the RPL13A RNA levels by the
comparative threshold cycle (CT) method (45).

Transient replicon assay. A plasmid encoding a genotype 1 subgenomic bicis-
tronic replicon with the poliovirus internal ribosome entry site-driven luciferase
reporter and cell culture-adaptive mutations E1202G, T1280I, and K1846T in
NS3 and NS4B was kindly provided by R. Bartenschlager (adapted from Lohm-
ann et al. [25, 26]). Site-directed mutations were inserted in the NS3 region of
that construct at Eurofins Medigenomix by the use of standard site-directed
mutagenesis (Ebersberg, Germany). Circular plasmid DNA was used for mutant
replicon RNA preparation, as described above (plasmid linearization, however,
was done with ScaI instead of XbaI).

Huh7-lunet cells were centrifuged at 1,500 rpm for 5 min, washed with phos-
phate-buffered saline, and electroporated with 10 �g of wild-type or mutant
replicon RNA, essentially as described previously (25). After transfection, the
cells were transferred into DMEM supplemented with 10% FCS, 1% L-glu-
tamine, and 0.04% gentamicin and seeded at 4,000 cells per well in 384-well
plates containing TMC435 in a nine-point dilution series. After 48 h of incuba-
tion at 37°C in a humidified 5% CO2 atmosphere, Steady-Lite Plus reagent
(Perkin-Elmer, Waltham, MA) was added at a 1:1 ratio and the plates were
further incubated for 10 to 20 min (in the dark), after which the luminescence
was measured with a Viewlux apparatus (Perkin-Elmer). The TMC435 EC50s
and changes in the EC50s compared to the parental HCV replicon EC50 were
determined. Replication capacity was determined in the absence of inhibitors,
essentially as described previously (27, 35), by measuring the luciferase levels at
48 h postelectroporation and normalization of those levels with the luciferase
levels obtained at 4 h postelectroporation.
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Colony formation assay. Huh7-Luc replicon cells (20,000 cells) were seeded in
a 10-cm dish containing DMEM and were treated with different concentrations
of a single compound or a combination of two different compounds in the
presence of 1,000 �g/ml G418. The cells were incubated at 37°C in a humidified
5% CO2 atmosphere. The medium plus compound was refreshed twice weekly.
After 2 to 3 weeks, when significant cell death had occurred, the remaining
colonies were stained with neutral red and counted.

RESULTS

In vitro selection with TMC435 in genotype 1 replicon cells.
As a first step in the determination of the in vitro profile of
resistance to TMC435, human hepatoma Huh7 cells containing
a replicon derived from HCV genotype 1a (Huh7-SG1a H77
cells) or genotype 1b (Huh7-Luc and Huh7-con1b cells) were
incubated with increasing concentrations of TMC435 in the
presence of G418. Replicon RNA was extracted and the se-
quence of the NS3 protease region was determined by popu-
lation-based Sanger sequencing to assess the changes associ-
ated with exposure to TMC435. In total, 14 independent
selection experiments were performed, and replicon RNA
from 109 replicon-containing cell colonies or cell pools was
analyzed (63 genotype 1b and 46 genotype 1a colonies). As a
control, the sequence of the NS3 region from replicon cells
incubated in the absence of an NS3/4A protease inhibitor was
used to determine the background variability in this region.

Mutations representing inhibitor-associated changes as well
as the background variability in replicon cells were observed in
the TMC435 selection experiments (Fig. 1A). Interestingly,
most replicon-containing cell colonies or cell pools remaining
after TMC435 exposure contained one or multiple mutations
at NS3 positions 80, 155, 156, and/or 168 of the replicon; the
exceptions were four genotype 1a replicon-containing colonies
that harbored the P89R plus S174K, Q41R plus E176K,
Q41Q/R, and Q41Q/R plus S174K/N mutations in the NS3
protease domain of the replicon, respectively. In contrast, none
of the sequences analyzed from the control experiments con-
tained mutations at position 80, 155, 156, or 168, while one
Q41R mutation was detected (Fig. 1A).

The mutations that were observed most frequently in NS3
from replicons across all cell lines cultured in the presence
of TMC435 were located at amino acid D168 (86 of 109
sequences, i.e., 80%), with the majority harboring a D168V
or a D168A mutation (Fig. 1B). The D168A mutation was
the most frequent mutation in genotype 1a replicon cells,
while in genotype 1b replicon cells, the D168V mutation was
the most abundant. Amino acid Y, E, H, I, T, or N was also
detected at position 168, indicating that a variety of viable
changes are capable of reducing susceptibility to TMC435.
The nucleotide sequence encoding these residues at position
168 deviated from the wild-type sequence by one nucleotide
(e.g., for amino acids V, A, and E) or two nucleotides (for
amino acids I and T).

Although other amino acid changes were less frequent, an
amino acid change of A156 to V, T, or G, as well as an amino
acid change of Q80 to K, R, or H, was also found in these
experiments. The Q80K mutation was observed only in repli-
cons from genotype 1a cells, whereas the A156V mutation was
present only in genotype 1b replicons, although both of these
changes required only one nucleotide substitution in either
subtype.

Seven genotype 1a replicon-containing cell colonies harbor-
ing an R155K mutation were observed after selection, whereas
this mutation was not found during selection with genotype 1b
replicon-containing cells. In the genotype 1a replicons, only
one nucleotide substitution from the wild-type sequence was
required to encode a R155K mutation, whereas at least two
nucleotide changes were required in genotype 1b replicons,
which could explain this genotype-specific resistance pathway.
Of note, four of the seven sequences with an R155K mutation
also harbored a mutation at position 80 and/or 168.

Mutations at other positions of the NS3 protease domain
either were detected less frequently; were present in control
replicon cells at similar frequencies (e.g., a mutation at NS3
position 71 or 109); or were detected only in combination with
a mutation at position 80, 155, 156, or 168 (Fig. 1A). F43S was
present only in the replicons of treated cells and was always
found in combination with a mutation of residue Q80 or D168.

FIG. 1. Summary of results from in vitro selection experiments.
(A) Frequency of changes in the protease domain of NS3 (amino acids
1 to 181) observed in experiments conducted with different replicon-
containing cell lines in the presence or the absence of TMC435. NS3
sequences from 120 control replicon colonies or cell pools (21 of
genotype 1a and 99 of genotype 1b) and 109 TMC435-treated replicon
colonies or cell pools (46 of genotype 1a and 63 of genotype 1b) were
assessed. Positions at which mutations were present in more than three
sequences are shown. Dark gray bars, TMC435-treated cells; white
bars, control cells. (B) Frequency of mutations at one or more of NS3
positions 43, 80, 155, 156, and 168 in cells selected with TMC435.
Experiments were performed with genotype 1a (Huh7-SG1a H77) or
genotype 1b (Huh7-Luc and Huh7-con1b) replicon-containing cells.
Mutations containing a mixture of the wild-type residue with a mutated
residue are counted as containing the mutated residue only. The fre-
quency was calculated for each subtype. Black bars, genotype 1a; light
gray bars, genotype 1b.
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The Q41R mutation was observed more frequently in cells
selected with TMC435 than in control cells (Fig. 1A). Q41R
was mainly observed in replicons from genotype 1a cells, and
with the exception of three sequences, this mutation was al-
ways present in combination with mutations at position 80
and/or 168 (17 of 109 sequences in total). Mutations at residue
E176 were detected in some TMC435-treated genotype 1a
replicon-containing cell lines. Since mutations at this position
are known cell culture-adaptive mutations, which increase the
levels of replication of HCV replicons, and a E176G mutation
is already present in the genotype 1b replicons used for this
study, mutations at this position were not assessed further
(14, 25).

A number of sequences (13 of 109) with combinations of
mutations at positions 43, 80, 156 and 168 were found: F43S
plus Q80R or D168E; Q80K or Q80R plus R155K; Q80R plus
D168E or D168A; Q80H plus D168E; A156V plus D168V or
D168A; and Q80K plus R155K plus D168A. Since these sam-
ples were analyzed by standard population sequencing, the
possibility that these mutations were present on different viral
genomes cannot be excluded.

In vitro selection with TMC435 in genotype 2a JFH-1 cells.
The mutation patterns for the infectious genotype 2a JFH-1
cell culture model were then determined by using human hep-
atoma Huh7.5 cells transfected with either JFH-1wt or Jc-1-
Luc (22, 39, 53) and cultured in the presence of TMC435.

The culture of JFH-1-transfected cells in the absence of
compound resulted in a clear CPE, typically after five to eight
passages, followed by recovery and normal cell growth.

In an experiment with JFH-1wt-transfected cells, incubation
with TMC435 reduced the cellular JFH-1 RNA levels and
delayed the occurrence of the CPE at 500 nM TMC435, while
no CPE was observed at 4,000 nM TMC435. After the initial
decline, JFH-1 HCV RNA replication recovered in the pres-
ence of 500 nM TMC435 and recovered at a lower rate in the
presence of 4,000 nM TMC435, and the cellular JFH-1 RNA
levels increased to levels similar to those observed in the ab-
sence of compounds (Fig. 2). Interestingly, the JFH-1 RNA
levels dropped at about passage 14 in the control experiment
and in cells treated with 500 nM TMC435. The reasons or the
relevance of this finding are currently not understood. Se-
quencing of NS3/4A derived from cells harvested at multiple
time points between passages 12 and 19 resulted in the con-
tinuous detection of mutations D168N and F43V in cells
treated with 500 nM and 4,000 nM TMC435, respectively.

Analysis of the NS3/4A region from two additional selection
experiments in which Jc-1-Luc-transfected cells were cultured
in the presence of TMC435 revealed NS3 mutations F43F/I
plus A156G, D168Y, A156A/V, and D168D/V.

Interestingly, the mutations observed in the genotype 2a
JFH-1 genome were located at the same positions as the mu-
tations identified in the genotype 1 replicon systems, suggest-
ing that the two genotypes have similar routes of escape from
TMC435 drug pressure.

Impact of NS3 mutations on TMC435 susceptibility and
replication capacity. The effect of TMC435 inhibitory activity
on replicons encoding the NS3 sequence mutations identified
in the in vitro selection experiments with TMC435 and previ-
ously described for other investigational protease inhibitors
(13) was assessed. Mutants with single or double mutations

were engineered into a luciferase-containing con1b replicon
construct, and the inhibitory activity was determined in a tran-
sient replicon assay. The antiviral activities of two other mac-
rocyclic protease inhibitors (BILN2061 and ITMN-191) and
two linear ketoamide inhibitors (boceprevir and telaprevir)
were also assessed.

Of the mutations identified in the in vitro selection experi-
ments with TMC435, those at positions 43, 80, 155, 156, and
168 resulted in various degrees of reduced susceptibility to
TMC435, confirming the importance of these residues for
TMC435 activity. In contrast, two other mutations also ob-
served during the selection experiments, Q41R and R109K,
had no significant impact on the activity of TMC435 (Table 1;
see the supplemental material for a table that includes infor-
mation on the interquartile ranges and the numbers of mea-
surements).

The mutations introduced at position 168, in particular
D168V and D168I, led to the most significant decrease in the
activity of TMC435 and the other two noncovalent macrocyclic
inhibitors, BILN2061 and ITMN-191. The changes in the
EC50s of TMC435 for replicons with a mutation at position 168
ranged from less than 10-fold for D168G and D168N to about
2,000-fold for D168V and D168I. The covalent inhibitors tela-
previr and boceprevir remained fully active against the tested
mutants with a mutation at residue D168, consistent with the
results previously described for these inhibitors (19, 49, 50).

Residue-dependent changes in TMC435 activity were ob-
served for several of the mutations at amino acid residues F43,
Q80, R155, and A156. TMC435 generally showed a smaller
change in EC50s than the changes for the other two macrocy-
clic protease inhibitors tested against replicons with mutations
at positions 155 and 156. In contrast, mutations at position 43
led to reduced susceptibilities for TMC435 and ITMN-191,

FIG. 2. Selection experiments with JFH-1. Huh7.5 cells were trans-
fected with RNA-encoding JFH-1wt, and the cells were passaged in the
presence of 500 nM or 4,000 nM TMC435 or in the absence of inhib-
itor (control). Cells were harvested at each passage, and the JFH-1
RNA was quantified by using quantitative RT-PCR and normalized
against the quantity of the host RPL13A gene. The JFH-1 RPL13A
levels 3 days after transfection (after the first passage and at the start
of TMC435 treatment) were set equal to 100%, and the changes over
time are shown. White diamonds, cells cultured in the absence of
inhibitor; gray squares, cells cultured in the presence of 500 nM
TMC435; black triangles, cells cultured in the presence of 4,000 nM
TMC435. Time points at which a CPE was observed and no cells could
be harvested are indicated with a dashed line.
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ranging from a 12-fold change in the EC50 of TMC435 for the
F43S replicon to an �90-fold change for the F43I and F43V
replicons, while BILN2061 remained fully active against these
mutants. Although changes at residue Q80 had less of an
impact on TMC435 activity, with the EC50 change being less
than 10-fold for all mutants, this impact was slightly greater
than that for the other macrocyclic inhibitors tested.

In addition, S138T, a mutation previously described as con-
ferring reduced susceptibility to ITMN-191 (47), was also
found to affect TMC435 activity, with the change in EC50s
being 4-fold (Table 1), although this mutation was not identi-
fied in selection experiments with TMC435.

Mutations at amino acids V36, T54, and V170, which were
observed during clinical trials with telaprevir and boceprevir,
had no effect or only small effects on TMC435 activity. The
change in the EC50s of TMC435 against all tested mutants with
mutations at positions 36, 54, and 170 was less than 6-fold,
suggesting partial complementarity of the resistance profiles of
TMC435 and NS3/4A inhibitors of the ketoamide inhibitor
class.

Single mutations that conferred only low or moderate
changes in susceptibility to TMC435 (3- to 40-fold) led to 160-
to 700-fold reductions in TMC435 activity when they were
combined (a mutation at position 43 with a mutation at posi-

TABLE 1. Effects of NS3 mutations on antiviral activities of several NS3/4A protease inhibitorsa

Mutant RC (% of
that for WT)

TMC435 BILN-2061 ITMN-191 Boceprevir Telaprevir

EC50 (nM) FC EC50 (nM) FC EC50 (nM) FC EC50 (nM) FC EC50 (nM) FC

WT 100 11 NA 0.8 NA 0.5 NA 148 NA 150 NA
V36L 56 18 1.7 1.4 1.0 ND ND 110* 1.6* 300* 3.1*
V36 M 43 20 2.0 2.4 1.2 ND ND 217 1.8 886 10
V36A 22 34 2.8 1.0 1.1 1.3* 3.1* 1,454 6.8 ND ND
Q41R ND 18 1.7 2.3 2.8 ND ND ND ND ND ND
F43S 63 83 12 1.0 0.9 5.1* 15* 333 5.2 749 6.1
F43I ND 562* 89* 0.4* 0.5* ND ND 242* 1.1* ND ND
F43V ND 626* 99* 0.4* 0.5* ND ND 527* 2.4* ND ND
T54A 61 5.9 0.6 0.7 0.6 0.6* 1.3* 268 2.1 1,565 7.5
T54S ND 5.4 1.2 0.9 1.9 ND ND 1,106 8.5 ND ND
Q80R 40 49 6.9 1.4 1.6 4.5 3.5 85 0.5 216 0.6
Q80H ND 41 3.6 1.2 1.1 1.0* 1.4* 78 0.5 ND ND
Q80K 98 62 7.7 1.0 0.9 0.9 2.3 94 0.8 147 0.5
Q80G 111 22 1.8 3.0 4.9 3.5 9.8 127 1.2 202 1.2
Q80L 169* 12 2.1 0.8 1.2 ND ND 133 0.9 ND ND
R109K 311 11 0.7 1.4 0.7 ND ND 33* 1.0* 66* 0.8*
S138T 19* 77 4.4 0.5 3.0 3.0 3.4 16 0.1 ND ND
R155 M 33 3.5 0.4 84 68 3.8* 21* 792 5.7 4,106 14
R155I ND 6.6* 0.8* 29* 39* 7.0* 20* 5,343* 28* ND ND
R155Q 10 21 1.6 248 242 13* 68.* 174 1.4 570 2.5
R155T 7 314 24 685 562 48* 261* 5,463 51 22,663 74
R155K 40 260 30 489 496 135 447 743 4.7 1,470 10
R155G 4 350 20 1,002 811 79* 324* 4,467 20 9,631 20
A156S 71 3.0 0.3 1.7 2.8 ND ND 525 3.5 3,107 20
A156G 66 206 16 22* 12* ND ND 65 2.1 58 0.6
A156T 30 377 44 1,066 1,344 4.8 41* 7,227 65 20,326 105
A156V 18 2,149 177 1,518 2,085 12 63 9,673 75 15,470 112
D168G ND 42 4.4 35 38 2.2 8.1* 63 0.4 ND ND
D168N 67* 79 6.6 18 12 ND ND 101 1.9 147 1.2
D168E 34 302 40 40 65 6.1 75* 69 0.8 113 0.6
D168T 192 4,089 308 520 844 42 227 299 1.1 181 1.0
D168Y 30 6,238 666 2,099 2,488 78 391 193 2.4 187 1.2
D168H 104 5,655 368 215 263 26 133 73 0.7 102 0.7
D168A 90 6,356 594 304 339 31 153 100 0.7 46 0.4
D168V 94 17,917 2,591 1,813 3,213 ND ND 83 0.5 ND ND
D168I 36 23,203* 1,807* 20,715* 26,822* 104* 195* 279* 1.1 ND ND
V170T ND 52 5.4 4.8 4.6 0.6* 1.1* 210* 1.6* ND ND
V170A 30 22* 1.8* 0.8 1.4 0.7* 1.1* 1,546 5.8 ND ND
F43S � Q80R ND 1,815* 286* 0.4* 0.6* ND ND 1,554* 7.4* ND ND
F43S � D168E ND 3,607 694 5.8 12 ND ND 417 3.2 ND ND
Q80K � R155K 66 4,647 364 705 736 309 850 1,077 5.1 2,957 4.6
Q80R � R155K 157 2,853 270 707 772 ND ND 680* 2.7* ND ND
Q80R � D168E 52* 5,902 412 87 103 106 154 62 0.6 ND ND
Q80H � D168E ND 1,362 163 52 49 26 40* 20* 0.1* ND ND
Q80R � D168A ND 16,867* 2,655* 1,039* 1,827* ND ND 113* 0.5* ND ND

a EC50s were determined in a transient replicon assay with the wild-type or mutant replicon with single- or multiple-site-directed mutations in a genotype 1b replicon
backbone (clone ET) with a luciferase readout. The EC50s presented here were calculated as the medians of the EC50s derived from individual experiments. The
replication capacity levels of the mutants are expressed as a percentage relative to that for the wild type. Median values are shown, and values derived from less than
three independent experiments are indicated with asterisks. The mutations observed during the selection experiments with TMC435 and the data for replicons with
those mutations are labeled in boldface. RC, replication capacity; WT, wild type; FC, median of the fold change in the EC50 for the mutant replicon compared to that
for the wild-type replicon determined in each experiment; ND, not determined; NA, not applicable.
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tion 80 or 168 or a mutation at position 80 with a mutation at
position 155 or 168). These mutations presumably act in con-
cert in reducing susceptibility to TMC435. Although nucleo-
tide changes at two or three distant positions are required for
mutants with such double mutations, it is likely that 13 of the
109 selected replicon colonies harbored multiple mutations on
a single genome, as inferred from the population sequencing
results.

The relative replication capacity of the mutated replicons in

the absence of inhibitor as a percentage of that for the parental
replicon was determined to obtain a surrogate measure of the
effect of the mutations on viral fitness (Table 1). Of the mu-
tations identified in the selection experiments, the A156V mu-
tation displayed the lowest replication capacity, which was 18%
of that of the wild type, whereas some mutations at amino acid
positions 80 and 168 had only a limited or no effect on the
replication capacity of the mutated replicon. Interestingly, mu-
tation R109K, which was observed in combination with other
mutations, showed an �3-fold increased replication capacity,
suggesting that it could function as a compensatory mutation
by increasing the replication capacity of mutant replicons.

Colony formation assay. To assess the effect of the use of
TMC435 in combination with other HCV inhibitors, the sur-
vival frequencies of replicon colonies under culture conditions
containing one or more anti-HCV compounds were deter-
mined. Huh7-Luc cells were incubated in the presence of G418
with TMC435 alone or in combination with IFN-� or HCV
NS5B polymerase inhibitors. At the end of the treatment period,
the surviving replicon cell colonies were counted (Fig. 3 and
Table 2).

Increasing concentrations of TMC435 (up to 25� EC50)
correlated with lower numbers of surviving replicon cell colo-
nies. However, TMC435 alone did not completely inhibit the
formation of these colonies at any of the concentrations tested.

The effects of HCV NS5B NNIs, which bind at each of the
four best-described NS5B allosteric sites, and an NS5B NI,
which binds at the active site of NS5B, were determined alone
and in combination with TMC435 (6). For all NS5B inhibitors
tested, a concentration-dependent reduction in the number of
colonies was observed, but the complete clearance of replicon
cells was not achieved at the concentrations tested when poly-
merase inhibitors were used alone. Dual drug combinations,
consisting of TMC435 and four of the five NS5B inhibitors
tested, were able to completely block the appearance of resis-
tant colonies, in most cases, at the lowest concentrations tested
(Table 2). The only exception was a combination of the NNI

FIG. 3. Influence of anti-HCV inhibitors used alone or in combi-
nation on the formation of replicon colonies. The images are of cells
treated with TMC435 or thiophene-2 alone and in combination. Con-
centrations are expressed as multiples of the respective EC50s deter-
mined in a genotype 1b replicon assay with a luciferase readout.

TABLE 2. Influence of anti-HCV inhibitors, used alone or in combination, on the formation of replicon coloniesa

Compound Class Concn
No. of colonies after treatment with TMC435 at:

0 2.5 � 8 nM 10 � 8 nM 25 � 8 nM

/ / / ��100 NA 90 11
Merck-indole NS5B NNI-1 10 � 200 nM 47 NA 0 0

25 � 200 nM 1 NA 0 0
Thiophene-2 NS5B NNI-2 10 � 600 nM �100 NA 0 0

25 � 600 nM 11 NA 0 0
/ / / ��100 NA �100 36

NM-107 NS5B NI 1 � 4 �M ��100 NA 78 16
10 � 4 �M 80 NA 0 0

GSK-625433 NS5B NNI-3 10 � 15 nM �100 NA 1 0
25 � 15 nM �100 NA 1 0

HCV-796 NS5B NNI-4 5 � 14 nM �100 NA 0 0
10 � 14 nM 45 NA 0 0
25 � 14 nM 5 NA 0 0

/ / / ND 25 NA 10
IFN-� Interferon 2.5 � 0.8 IU/ml 120 1 NA 0

5 � 0.8 IU/ml 31 0 NA 0

a The results of three independent representative experiments are shown. Concentrations are expressed as multiples of the respective EC50s determined in a genotype
1b replicon assay with a luciferase readout. EC50 values are as follows: TMC435, 8 nM; Merck-indole, 200 nM; thiophene-2, 600 nM; NM-107, 4 �M; GSK-625433,
15 nM; HCV-796, 14 nM; and IFN-�, 0.8 Iu/ml. Slashes, absence of inhibitor; ��100, confluence of cells; NA, not applicable.
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3-site inhibitor GSK-625433 and TMC435, which was insuffi-
cient for the complete inhibition of colony formation. This is
consistent with the appearance of more than 200 colonies when
GSK-625433 was tested alone at 25� EC50 and suggests a
lower genetic barrier for NNI 3-site inhibitors. Use of the
combination of TMC435 and this inhibitor significantly re-
duced the formation of colonies but did not fully clear the
replicon from the cells.

In addition, combinations of TMC435 with IFN-� com-
pletely inhibited the formation of replicon cell colonies (Table
2). In control experiments, use of a combination of these HCV
inhibitors at the highest concentration tested did not affect cell
growth over the 2-week time period.

These data indicate that the use of TMC435 in combination
with other specifically targeted antivirals with complementary
mechanisms of action could reduce or prevent the accumula-
tion of drug resistance-conferring mutations in vitro and could
result in the complete clearance of HCV replicon RNA.

DISCUSSION

The discovery of STAT-Cs for the treatment of patients
infected with hepatitis C virus holds the promise of improving
cure rates and shortening treatment durations. The results of
recent phase 2b studies in which HCV genotype 1-infected
patients were treated with an HCV NS3/4A inhibitor in com-
bination with Peg-IFN-�–ribavirin suggest that significant im-
provements in HCV therapy could become possible (11, 16,
29, 34).

Given the high rate of mutation of HCV, the emergence of
resistant variants can be expected in the era of treatment with
STAT-Cs, which may lead to treatment failures and which
could ultimately restrict future treatment options. Viral vari-
ants harboring mutations that confer reduced susceptibility to the
antiviral agent have been reported for essentially all specifically
targeted HCV inhibitors in in vitro studies and/or during clinical
trials. However, the clinical impact of resistant variants on the
treatment of HCV-infected patients remains to be fully under-
stood. It is encouraging that the viral breakthrough and relapse
rates observed in treatment-naïve genotype 1-infected patients
when HCV NS3/4A protease inhibitors were combined with the
standard of care (Peg-IFN-�–ribavirin) have been low, suggesting
that such combinations may effectively inhibit the emergence of
resistant viral variants in many patients (11, 16, 30).

As for other viral diseases, in vitro studies have been helpful
in determining which mutations may occur during the clinical
use of HCV inhibitors. Most mutations associated with viral
resistance to HCV protease inhibitors in clinical trials either
had been found in replicon selection experiments or were
previously shown to confer reduced susceptibility in replicon or
biochemical assays. In some cases, the specific mutations found
during clinical trials had not been observed in preceding in
vitro replicon selection experiments. One example is the
R155K mutation observed during clinical trials for protease
inhibitors, such as ITMN-191 and telaprevir, which had not
been reported from in vitro studies (19, 43, 47). This may be
related to the use of only genotype 1b replicon cells to char-
acterize the in vitro resistance profiles of these compounds. In
a recent study, R155K mutations were observed in vitro with
telaprevir when genotype 1a replicon cells were used in the

selection experiments (33). Conversely, some mutations have
been identified in specifically designed in vitro selection studies
but have not yet been described during clinical trials. This may
be related to an insufficient effect of the mutation on the in vivo
potency of the drug, the limited in vivo fitness of the mutant, or
the mutations may represent in vitro artifacts.

In vitro selection experiments and transient replicon assays
consistently demonstrated that changes at position 168 of NS3
are the most frequently observed mutations under selection
with TMC435, with D168V and D168A being the most fre-
quent. Also, D168V and D168A conferred the greatest shifts in
the EC50s for TMC435. The D168I mutation, which reduced
the TMC435 activity to a similar degree as the D168V muta-
tion, was observed only twice in our selection experiments.
This lower incidence may be related to the fact that at least two
nucleotide changes are required for an amino acid change
from D to I, while only one nucleotide change is needed for a
V substitution. Mutations at NS3 positions 43, 80, 155, and 156
were also observed during selection experiments and conferred
different levels of reduced susceptibility to TMC435, ranging
from less than 10-fold (e.g., for Q80R and Q80K) to greater
than 100-fold for A156V. Some genotype 1a-specific versus
genotype 1b-specific differences were noted, with the A156V
mutation being observed only in genotype 1b replicons and the
Q80K and R155K mutations being detected only in genotype
1a replicons; the latter observation is consistent with results
recently reported for telaprevir (33).

Most mutations which resulted in reduced susceptibility to
TMC435 in the transient replicon assay also affected the rep-
lication capacity of the mutant replicon to various degrees. Of
note, the replication capacity of the replicon carrying a D168V
or a D168A mutation, as determined by this assay, was com-
parable to that of the parental replicon and, thus, was higher
than the replication capacities previously reported for repli-
cons with these mutations (10, 35). Further studies assessing
different methods of determining in vitro replication capacity
and fitness will be needed to define the optimal approach to
the assessment of in vitro fitness and to obtain an understand-
ing of the relevance of these in vitro findings for the clinical
setting.

The mutations observed in association with TMC435 expo-
sure in the genotype 2a JFH-1 system occurred at the same
NS3 positions as those identified in the genotype 1 replicon
cells. In contrast to genotype 1, in which an F43S mutation was
observed, F43I and F43V were detected in the JFH-1 system.
Analysis of the effects of these three changes on TMC435
activity in a transient genotype 1b replicon assay showed that
the F43I or F43V mutation reduced the susceptibility to
TMC435 by �90-fold, while the F43S mutation had a more
modest effect on TMC435 activity (12-fold).

The TMC435-associated mutations described above were
mapped onto a recently determined 2.4-Å-resolution crystal
structure of the TMC435-NS3/4A protease complex (Fig. 4)
(5). Consistent with the results described for other NS3/4A
inhibitors, the predominant mutations arising in response to
TMC435 exposure in vitro clustered around the inhibitor bind-
ing site (Fig. 4A). Residues Q80, R155, A156, and D168 con-
tributed to the binding surface in an extended S2 subsite in-
duced by the binding of TMC435 (Fig. 4A), consistent with the
importance of these positions to the antiviral activity of
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TMC435 observed in vitro. The specific interactions between
R155, D168, and Q80 contribute to stabilization of the con-
formation of the extended S2 subsite required for the binding
of TMC435. Additionally, R155 forms a significant part of the
surface that is buried by the quinoline of bound TMC435.
A156 is also in the S2 subsite region, forming a “barrier”
between the S2 and S4 regions. F43 forms the base of the S1�
subsite occupied by the cyclopropyl ring of bound TMC435,
and mutation F43S confers low-level resistance to TMC435 in
vitro, while F43I and F43V have more pronounced effects. The
S138T mutation directly adjacent to the catalytic residue S139
likely disturbs the binding contacts with the acylsulfonamide
group of TMC435.

Some cross-resistance has been observed in vitro between
linear ketoamide inhibitors and TMC435 for a few mutations
at positions A156 and R155. In clinical studies with telaprevir,
the R155K mutation has frequently been observed, while mu-
tations at A156 were less frequent, suggesting the limited fit-
ness of the latter variants in vivo (11, 44). Thus, R155K may be
a key mutation that differentially reduces susceptibility to most
of the macrocyclic and linear ketoamide inhibitors described
today (13, 15, 43). The effect of R155K or other mutations at
position 155 on TMC435 activity in vitro was limited, with a
30-fold change in EC50s being observed for replicons with the
R155K mutation. Given the extensive contact between R155
and bound TMC435 (Fig. 4), the relatively small impact of
mutations of residue R155 on TMC435 was unexpected (Table
1). Although the large quinoline-thiazole system of TMC435
occupies an extended S2 subsite (Fig. 4), similar to what has
been shown for a close analog of BILN2061 (51) and consistent
with our expectation for both BILN2061 and ITMN-191, the
impact of mutations on position 155 on TMC435 activity is
closer to what was observed with inhibitors that position small

groups in S2 (boceprevir and telaprevir) (40). This feature
appears to distinguish TMC435 from other macrocyclic inhib-
itors of NS3/4A.

For HIV-1, many years of genotypic and phenotypic testing
and the clinical use of antiretrovirals have resulted in a well-
established correlation between changes in antiviral activity in
vitro and the response to treatment (12). With the introduction
of antivirals for the direct treatment of HCV infections, un-
derstanding of the relevance of changes in in vitro susceptibility
to a given drug on its antiviral effect in the clinic will become
increasingly important. Given the exposures achieved with
TMC435 in vivo, it is possible that a number of mutations with
a limited effect on drug susceptibility in vitro could be still
suppressed when they are present in an HCV-infected individ-
ual (42). In support of this notion, in six genotype 1-infected
patients who received 200 mg TMC435 once daily for 5 days
during a phase 1 monotherapy trial, the HCV RNA level
remained suppressed for at least 3 days after the last dose was
given, although viral variants with reduced in vitro susceptibil-
ity to TMC435 were present (42). This finding suggests that the
balance between drug exposure levels and different degrees of
susceptibility of specific viral variants could be an important
determinant for the occurrence of viral breakthrough and
treatment failure in a clinical setting.

The use of combinations of directly acting antivirals will
likely be crucial to reduce the impact of resistant variants and,
ultimately, to achieve high cure rates in HCV genotype-1-
infected patients. We have recently reported that in vitro, the
activity of TMC435 is additive with that of ribavirin and syn-
ergistic with that of IFN-� and of an NS5B inhibitor in a 3-day
replicon assay (21). Here we show that the use of combinations
of TMC435 with IFN-� or different NS5B inhibitors signifi-
cantly reduced the survival frequency of replicon colonies or
even completely eliminated the replicon colonies. In addition,
mutants with the NS3 mutations tested were fully susceptible
to IFN-� and NS5A and NS5B inhibitors, while TMC435 was
active against mutants with mutations that confer reduced sus-
ceptibility to NS5B or NS5A inhibitors (data not shown).

In summary, TMC435 is a potent inhibitor of HCV in vivo
and has an in vitro resistance profile that is partially comple-
mentary to the profiles of the ketoamide protease inhibitors. In
addition, as recently described (21), the combination of
TMC435 with other anti-HCV agents has an additive to syn-
ergistic effect on antiviral activity in vitro and, as shown here,
can inhibit the formation of drug-resistant replicon cells, con-
sistent with a role for TMC435 in future combination thera-
pies. The clinical relevance of the mutations identified in vitro
on the antiviral activity of TMC435 in vivo will be assessed in
ongoing and future clinical trials.
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